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A dif fu sion the ory based MTR fuel man age ment meth od ol ogy has been de vel oped for
find  ing su  pe  rior core load  ing pat  terns at any stage for MTR sys  tems, keep  ing track of
burnup of in  di  vid  ual fuel as  sem  blies through  out their his  tory. It is based on us  ing
burnup de  pend  ent group con  stants ob  tained by the WIMS-D/4 com  puter code for
stan  dard fuel el  e  ments and con  trol fuel el  e  ments. This meth  od  ol  ogy has been im  ple  -
mented in a com  puter pro  gram named BFMTR, which car  ries out de  tailed five group
dif fu sion  the ory  cal cu la tions  us ing  the  CI TA TION  code  as  a  sub rou tine.  The
core-wide spa  tial flux and power pro  files thus ob  tained are used for cal  cu  lat  ing the
peak-to-av er age power- and flux-ra tios along with the avail able ex cess re ac tiv ity of the
sys  tem. The fuel man  ager can use the BFMTR code for load  ing pat  tern op  ti  mi  za  tion
for max  i  miz  ing the ex  cess re  ac  tiv  ity, keep  ing the peak-to-av  er  age power as well as
flux-ra  tio within con  straints. The re  sults ob  tained by the BFMTR code have been
found to be in good agree  ment with the cor  re  spond  ing ex  per  i  men  tal val  ues for the
equi lib rium  core  of  the  Pa ki stan  Re search  Re ac tor-1.
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IN TRO DUC TION
Apart from core phys  ics stud  ies, nu  clear re  -
search re  ac  tors find a wide va  ri  ety of uses in  clud  ing
pro duc tion  of  ra dio iso topes  for  in dus trial  as  well  as
phar ma ceu ti cal  ap pli ca tions,  neu tron  ac ti va tion  anal -
y  sis, bo  ron cap  ture neu  tron ther  apy (BNCT) and ra  di  -
og ra phy,  etc. Cur  rently, there are 291 op  er  a  tional re  -
search  re ac tors  (in clud ing  crit i cal  as sem blies),  246
shut  down  re ac tors,  107  de com mis sioned  re ac tors,  16
un  der con  struc  tion and 15 new re  search re  ac  tors
planned. These re  ac  tors are dis  trib  uted among 58
coun  tries. There is a fairly even re  gional dis  tri  bu  tion
of the op  er  a  tional re  ac  tors with 64 of them in North
Amer ica, 65 in West ern Eu rope, 76 in East ern Eu rope,
57 in Asia, 18 in Latin Amer  ica, and 14 in Af  rica and
the Mid dle East. Eighty-seven of the op er a tional re ac -
tors are in 40 de  vel  op  ing coun  tries [1]. These sys  tems
were ini  tially de  vel  oped around 1947 at Idaho, USA,
for con  duct  ing stud ies for bulk shield  ing prop  er  ties of
var i ous ma te ri als. Their pop u lar ity over other types of
re  search re  ac  tors stems from the fact that these sys  -
tems have easy ac cess to the re ac  tor core and that they
pos sess  a  larger  num ber  of  ir ra di a tion  fa cil i ties.
Due to the im  por  tance of both safety and op  er  a  -
tional points of views, ef  forts have been made in the
past to carry out stud  ies for the in-core fuel man  age  -
ment for var i ous test and re search re ac tors world wide.
In this con text, a nu clear anal y sis and the fuel man age -
ment code sys  tem HANAFMS have been used for the
anal y sis of the Ko rean high-flux ad vanced neu tron ap -
pli ca tion  re search  re ac tor  (HANARO)  [2].  For
benchmarking, sep  a  rately the Monte Carlo based
com  puter code MCNP4A has also been used for this
pur pose.  The  cal cu lated  re sults  for  crit i cal ity,  power
dis  tri  bu  tion, and con  trol ab  sorber rod value were
found to be in good agree ment with the cor re spond ing
val ues  ob tained  ex per i men tally.  In  the  Neth er lands,  a
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Hoger Onderwijs re  ac  tor (HOR), a 2 MW pool-type
re  search re  ac  tor, and im  ple  mented in the com  puter
code SHORT (steady-state HOR thermal-hy  drau  lics)
[3]. The the  o  ret  i  cal pre  dic  tions have been found to be
in good agree  ment with the ex  per  i  men  tal mea  sure  -
ments. While per  form  ing safety as  sess  ment for the
FRJ-2, re  ac  tiv  ity val  ues were com  puted with the help
of the de  ple  tion SU  SAN com  puter code and ver  i  fied
by the ORIGEN com  puter code [4]. Dis  crep  an  cies
have been re  ported in the pre  dicted and the cor  re  -
spond ing  ex per i men tal  val ues  and  have  been  at trib -
uted to the in  ad  e  quacy of the in  verse ki  netic method
for covering the effects of flux deformation and
interaction of the coarse control arm in the event of
reactor scram.
Due to di verse uses of re search re ac tor fa cil i ties,
their  var ied  op er a tion  sched ules  along  with  typ i cally
small sizes and de  mand for high ex  cess re  ac  tiv  ity for
ex per i ments and sam ple ir ra di a tion, the task of in-core 
fuel man  age  ment be  comes much more com  plex than
that of a typ  i  cal power plant. In the past, many tech  -
niques have been pro  posed for the op  ti  mi  za  tion of the
fuel re load pat terns for such sys tems. For ex am ple, the
mul ti ple  cy cle  in ter change  ap proach  has  been  pro -
posed for the HOR re  ac  tor sys  tem in the Neth  er  lands
[5]. In this ap  proach, the first stage starts with the
“elite” clus  ter con  tain  ing the group of best pat  terns.
Af  ter  wards, the so  lu  tion space is sam  pled in grad  ual
man ner to wards the lo cal pat terns em ploy ing sto chas -
tic  ac cep tance  tests.  Suc ces sive  mixed-in te ger  lin ear
pro gram ming cou pled with back ward dif fu sion cal cu -
la tion has been em ployed for core load ing pat tern op ti -
mi  za  tion for VVR-M type re  search re  ac  tors at Kiev,
Ukraine [6]. More re  cently, a novel tran  si  tion prob  a  -
bil ity  ma trix  based  adap tive  sim u lated  an neal ing
approach has been proposed for fuel reload pattern
optimization which yields much faster convergence
rates [7].
From the fuel man  age  ment point of view, the
main prob  lem in the case of MTR sys  tems is to at  tain
high  ex cess  re ac tiv ity  con fig u ra tion  in  or der  to  man -
age the loss of re ac tiv ity caused by the leak age and ab -
sorp tion  of  neu trons  for  the  ex per i ments  and  ir ra di a -
tion. A typ  i  cal MTR sys  tem has around 25 stan  dard
fuel el e ments in ad di tion to the col lec tive five reg u lat -
ing and shim con  trol el  e  ments. The to  tal num  ber of
pos si ble  in de pend ent  con fig u ra tions  is  more  than  109
which clearly rules out any enu  mer  a  tion tech  nique.
How ever, the task is some what sim  pli fied in the sit u a -
tion where the fuel manager has to shuffle or replace
only a few fuel assemblies.
In this work, a meth  od  ol  ogy which en  ables the
fuel man ager to carry out search for the op ti mum load -
ing pat  tern of a typ  i  cal MTR sys  tem at any stage has
been de vel  oped based on the use of burnup de pend  ent
group con  stants. The de  tails of this meth  od  ol  ogy
along with its com  puter im  ple  men  ta  tion are pre  sented
here. A com  par  i  son of the re  sults ob  tained by us  ing
this  ap proach  with  the  equi lib rium  con fig u ra tion  of
the Pa  ki  stan re  search re  ac  tor-1 (PARR-1) is given in
this paper.
TYP I CAL  MTR  SYS TEM
In this work, the PARR-1 has been taken as a typ -
i cal MTR sys tem. Fol low ing the world wide “Re duced
en  rich  ment for re  search and test re  ac  tor (RERTR)”
Pro  gram, the PARR-1 has been up  graded from 5 MW
HEU (over 90% en  riched ura  nium) core to 10 MW
LEU (~20% en  riched ura  nium) sys  tem [8]. The up  -
graded core is com posed of 24 plate-type stan dard fuel 
el  e  ments, five con  trol fuel el  e  ments which are iden  ti  -
cal for both shim and reg  u  lat  ing con  trol el  e  ments, and
four  graph ite  re flec tors.  It  is  es sen tially  a  de min er al -
ized-wa  ter cooled, mod  er  ated and re  flected sys  tem
with the re ac tor core sit ting at 7 me ter wa ter depth in a
two sec tioned pool. A down ward flow rate of 950 m3/s
is re  quired at full power to re  move the heat gen  er  ated
by the nu clear fis sion chain re ac tion. The de sign spec i -
fi  ca  tions of PARR-1 are briefly listed in tab. 1 [9].
The  ex per i men tal  fa cil i ties  around  the  re ac tor
core con  sist of six ra  dial beam tubes, one tan  gen  tial
through-tube,  graph ite  ther mal  col umn,  in de pend ent
rab  bit sta  tion, a hot cell, dry gamma ir  ra  di  a  tion cell
and bulk ir  ra  di  a  tion area. A spe  cial fea  ture of the up  -
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Ta  ble 1. Some of the de  sign pa  ram  e  ters of the up  graded
LEU PARR-1 core [9]
Parameter Value
Reactor type Pool, MTR
Steady-state power level [MW] 9
Fuel (enrichment, %) U3Si2-Al (19.99)
Grid plate 6 ´ 9
Core geometry 6 ´ 5
Lattice pitch [mm] 81.00 ´ 77.11
Fuel element dimensions [mm] 79.63 ´ 75.92
Fuel plates in core
(a) standard fuel elements (SFE)
(b) control fuel elements (CFE)
24 ´ 23
5 ´ 13
Thickness of plates [mm] inner, outer 1.27, 1.50
Total width of plate [mm] 66.92
Total length of plate [mm] 625.0
Fuel meat dimensions [mm] 62.75 ´ 0.51 ´ 600
Thickness of clad [mm] inner, outer 0.38, 0.495
Thickness of side plates [mm] 4.5
Water channel thickness [mm] 2.10
Coolant flow rate [m3/h] 900
Coolant inlet temperature [°C] 38
Coolant inlet pressure [bar*] 1.703
*1 bar = 100 kPagraded PARR-1 core is the cen  tral flux trap fa  cil  ity
where high neu tron flux is avail able for the ir ra di a tion
pur  pose. The core con  fig  u  ra  tion of the PARR-1
system is given in fig. 1 [10].
BURNUP  DE PEND ENT  GROUP
CON STANT  GEN ER A TION
The main com  plex  ity of the MTR fuel man  age  -
ment arises from the fact that the core size be ing small
leads to steep flux gra di ents, which re sults in large dis -
par  ity in the burnup of even closely placed fuel and
con trol el e ments. Fre quent sched uled shuf fling of fuel
el  e  ments ag  gra  vates this prob  lem. One needs to keep
track on the burnup his tory of each fuel and con trol el -
e ment in or der to op ti mize the load ing pat tern. The ex -
ist ing  pro ce dure  re quires  core  com po si tion  cal cu la -
tions at each stage which is a com  pli  cated pro  cess  ing,
keep  ing in view the fre  quent fuel shuf  fling as well as
steep  flux  gra di ents.  The  pro posed  meth od ol ogy  is
based on the gen  er  a  tion of burnup de  pend  ent group
con  stants and us  ing them in de  tailed 2-D-dif  fu  sion
the ory cal cu la tions. For the group con stant gen er a tion, 
the WIMS-D/4 com  puter code has been used in this
work [11]. The WIMS-D/4 is a gen eral pur pose lat tice
code for the gen  er  a  tion of cell av  er  aged multigroup
con stants  us ing  trans port  the ory  cal cu la tions.  For  this
pur  pose, it uses a 69-group nu  clear data li  brary of UK
or  i  gin which has 14-fast, 13-res  o  nance, and 42-ther  -
mal groups. The fast groups have equal leth  argy spac  -
ing. In the res  o  nance range, the lower re  gion has spe  -
cif i cally  been  cho sen  to  match  im por tant  res o nances.
The up  per bound  ary of ther  mal range has been ar  -
ranged in such a way that ther mal up-scat ter ing can be
ne glected.
The super-cell used for stan  dard fuel el  e  ment
(SFE) is shown in fig. 2 [10]. The ex  tra-re  gion takes
into  ac count  the  struc tural  ma te rial  (alu mi num)  and
the wa  ter-gap be  tween two fuel el  e  ments. The re  sult  -
ing group con  stants have been gen  er  ated for a wide
enough range of burnup val ues to match the his  tory of
all fuel el  e  ments. A fourth or  der poly  no  mial has been
fit  ted to each of the group con  stant so that the max  i  -
mum dif  fer  ence be  tween the fit  ted and the ac  tual val  -
ues re  mains be  low 1% er  ror-limit throughout the
burnup range.
EIGENVALUE CALCULATIONS
For the de ter mi na tion of ef fec tive mul ti pli ca tion
fac tor and ex cess re ac tiv ity avail able in the sys tem, the 
multigroup  dif fu sion  the ory  based  CI TA TION  com -
puter code has been used as a sub  rou  tine in this work
[12]. For de tailed spa tial cal cu la tions, a 2-D fine-mesh 
model of the PARR-1 core and re flec tor has been used. 
Five en  ergy groups have been em  ployed for the keff
cal  cu  la  tions. The group con  stants for each fuel and
con  trol el  e  ment have been gen  er  ated by us  ing the fit  -
ted  poly no mi als  along  with  the  cur rent  ac cu mu lated
burnup of each el  e  ment in the BFMTR code. The fuel
man  ager may choose the de  sired load  ing con  fig  u  ra  -
tion  and  carry  out  the  ex cess  re ac tiv ity  op ti mi za tion
search, keep  ing the peak-to-av  er  age flux as well as
power ra  tios within the pre  scribed lim  its.
SIM U LA TION  RE SULTS
The dif  fu  sion the  ory based MTR fuel man  age  -
ment  meth od ol ogy  em ploy ing  burnup  de pend ent
group con  stants de  vel  oped in this work and im  ple  -
mented in the com  puter code BFMTR has been tested
for the equi  lib  rium core con  fig  u  ra  tion of the PARR-1
sys  tem as a bench  mark. For this pur  pose, a five group
of 25-in de pend ent stan dard fuel el e ments (SFE), 5-in -
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Fig ure 1. Sche mat ics of the up grades LEU PARR-1 core
Fig  ure 2. Cross-sec  tional view of the super cell used for
gen  er  a  tion of the multigroup con  stant for stan  dard fuel
el e ment  (SFE)de  pend  ent con  trol fuel el  e  ments (CFE) along with
graph  ite el  e  ments, wa  ter boxes based model of
PARR-1 core has been used in the BFMTR code. The
ini tial grid of BFMTR has 5 ´ 6 load ing ma trix where a 
user can spec ify the po  si  tion of var  i  ous core el  e ments.
The BFMTR code uses a his  tory data for burnup of
var  i  ous stan  dard fuel as well as con  trol fuel el  e  ments.
The user can choose among some pre  de  fined ini  tial
con fig u ra tions,  in clud ing  the  fresh  clean  startup  core
of the up graded LEU PARR-1 core as well as the equi -
lib rium  core  con fig u ra tions.  Also,  any  de sired  core
load  ing pat  tern may be spec  i  fied along with pre  -
scribed val  ues of burnup for SFE and CFE. The
PARR-1 equi lib rium core con fig u ra tion is taken as the
ref  er  ence for the sim  u  la  tions and is shown in fig. 1.
For the gen  er  a  tion of burnup de  pend  ant group
con  stants, the super-cell used in the WIMSD cal  cu  la  -
tions for SFE is shown in fig. 2. The re  sult  ing data
have been pro  cessed and poly  no  mial fit  tings have
been saved in a sep  a  rate li  brary. The BFMTR code
uses the fit  ted poly  no  mi  als for com  put  ing the nec  es  -
sary group con  stants for SFE and CFE, while the data
for wa  ter boxes, GRE, etc., are taken di rectly from the
li  brary file main  tained for this pur  pose. The re  sult  ing
data set along with core con  fig  u  ra  tion and ge  om  e  try
de  tails have been used for eigenvalue cal  cu  la  tions in
the  CI TA TION  sub rou tine.
The as  sem  bly-wise power pro  file com  puted by
the BFMTR code has been com  pared with the cor  re  -
spond ing ex  per i  men tal val  ues in fig. 3. It is clear from
these data that the pre  dicted val  ues are gen  er  ally in
good  agree ment  with  the  cor re spond ing  ex per i men tal
val  ues. De  vi  a  tions are seen in places where steep gra  -
di  ents ex  ist and these can be at  trib  uted to the in  ad  e  -
quacy of dif  fu  sion the  ory in such re  gions. It is ex  -
pected that de  tailed trans  port the  ory re  sults would be
better for such re  gions. A sim  i  lar trend is seen in the
case of core-wide ther mal flux pro  file as shown in fig.
4. Again, in re gions with mod er ate flux gra di ents, the -
o ret i cal  val ues  agree  well  with  the  cor re spond ing  ex -
per  i  men  tal val  ues, whereas in re  gions with steep flux
gra di ents dis crep an cies are seen and are ex pected to be 
re solved  by  de tailed  trans port  the ory  anal y sis.  The
core-wide power pro  file pre  dicted by the BFMTR
code is shown in fig. 5. The re  gions near the cen  tral
flux trap are the main contributors towards total power
generated by the core.
CON CLU SIONS
A burnup-de  pend  ant group con  stant based
in-core fuel man  age  ment meth  od  ol  ogy for the MTR
type sys  tems has been de  vel  oped and im  ple  mented in
the BFMTR com  puter code. It in  cor  po  rates burnup
his  tory data for each fuel el  e  ment in the core, and as a
re sult,  fuel  shuf fling  and  re load  pat tern  op ti mi za tion
can be car ried out at var i ous stages in a stan dard cy cle.
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Fig ure  3.  Com par i son  of  the  cal cu lated  and  ex per i men -
tally mea  sured as  sem  bly power pro  file [10] for the
PARR-I  equi lib rium  core
Fig ure  4.  Com par i son  of  the  cal cu lated  and  ex per i men -
tally mea  sured ther  mal neu  tron flux pro  file [10] for the
PARR-1  equi lib rium  coreFor  the  burnup-de pend ant  group  con stant  gen er a tion,
the WIMS-D/4 com  puter code has been em  ployed.
The CI  TA  TION code is used as a sub  rou  tine in the
BFMTR pack  age for cal  cu  lat  ing eigenvalue, flux and
power pro  file through  out the core. The tar  get ob  jec  -
tive  func tions  in clude  the  max i mi za tion  of  ex cess  re -
ac tiv ity,  max i mi za tion  of  el e ment  burnup,  lim it ing
power peak  ing fac  tor, etc. The BFMTR code is flex  i  -
ble and al lows a user to spec ify a given start ing re-load
pat tern along with the op ti mi za tion cri te rion. The pre -
dicted val  ues of flux and power pro  files have com  -
pared  well  with  the  cor re spond ing  ex per i men tal  val -
ues in the re  gions with mod  er  ate gra  di  ents.
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Fig  ure 5. Graph  i  cal view of the cal  -
cu  lated power pro  file as the sur  face
mesh and as con  tours for the
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Masud IKBAL, Sikandar M. MIR  ZA, Mo{in S. ALI
OPTIMIZOVAWE  PUWEWA  JEZGRA  MTR  REAKTORA  UPOTREBOM
GRUPNIH  KONSTANTI  ZAVISNIH  OD  IZGARAWA
Razvijena je metodologija upravqawa gorivom u MTR reaktorima zasnovana na
difuzionoj teoriji koja utvr|uje boqe na~ine puwewa jezgra u ma kom stawu MTR sistema, prate}i
izgarawe pojedina~nih gorivnih sklopova tokom wihove istorije. Zasniva se na upotrebi grupnih
konstanti zavisnih od izgarawa, dobijenih WIMS-D/4 ra~unarskim programom za standardne
gorivne i kontrolne elemente. Ova metodologija primewena je u ra~unarskom programu BFMTR,
kojim se obavqa detaqni petogrupni difuzioni prora~un uz kori{}ewe CI TA TION koda kao
potprograma. Tako dobijene prostorne raspodele fluksa i snage u jezgru kori{}ene su za
izra~unavawe odnosa maksimalne i sredwe snage i odnosa flukseva, kao i vi{ka reaktivnosti
sistema. Op  er  a  tor gorivom mo`e koristiti BFMTR kod da optimizuje na~in puwewa jezgra radi
postizawa maksimalnog vi{ka reaktivnosti, zadr`avaju}i odnose maksimalne i sredwe snage kao i 
odnose flukseva unutar propisanih granica. Pokazalo se da su rezultati dobijeni BFMTR kodom u
dobroj saglasnosti sa odgovaraju}im eksperimentalnim vrednostima ravnote`nog jezgra Prvog
pakistanskog istra`iva~kog reaktora.
Kqu~ne re~i:  MTR, izgarawe goriva, puwewe goriva, upravqawe jezgrom, optimizacija, PARR-1